Pancreatic cancer is an aggressive and deadly malignancy responsible for the death of over 37,000 Americans each year. Gemcitabine-based therapy is the standard treatment for pancreatic cancer but has limited efficacy due to chemoresistance. In this study, we evaluated the in vitro and in vivo effects of gemcitabine combined with the selective nuclear export (CRM1) inhibitor KPT-330 on pancreatic cancer growth. Human pancreatic cancer MiaPaCa-2 and metastatic pancreatic cancer L3.6pl cell lines were treated with different concentrations of KPT-330 and gemcitabine alone or in combination, and anchorage-dependent/independent growth was recorded. In addition, L3.6pl cells with luciferase were injected orthotopically into the pancreas of athymic nude mice, which were treated with (i) vehicle (PBS 1 mL/kg i.p., 2/week and povidone/pluronic F68 1 mL/kg p.o., 3/week), (ii) (20 mg/kg p.o., 3/week), (iii) gemcitabine (100 mg/kg i.p., 2/ week), or (iv) KPT-330 (10 mg/kg) þ gemcitabine (50 mg/kg) for 4 weeks. KPT-330 and gemcitabine alone dose-dependently inhibited anchorage-dependent growth in vitro and tumor volume in vivo compared with vehicle treatment. However, the combination inhibited growth synergistically. In combination, KPT-330 and gemcitabine acted synergistically to enhance pancreatic cancer cell death greater than each single-agent therapy. Mechanistically, KPT-330 and gemcitabine promoted apoptosis, induced p27, depleted survivin, and inhibited accumulation of DNA repair proteins. Together, our data suggest that KPT-330 potentiates the antitumor activity of gemcitabine in human pancreatic cancer through inhibition of tumor growth, depletion of the antiapoptotic proteins, and induction of apoptosis.
Introduction
Advanced pancreatic ductal adenocarcinoma is a highly aggressive and lethal malignancy. It is the fourth leading cause of cancerrelated mortality in the United States with a median survival of <1 year (1). More than 80% of patients present with unresectable or metastatic disease, which is typically resistant to conventional chemotherapy and radiotherapy. Gemcitabine, a nucleoside analogue, remains the mainstay of pancreatic cancer treatment, although it only demonstrates a median survival of 5.7 months and 20% 1-year survival (2, 3) . Recent clinical trials using gemcitabine-based combinations with erlotinib and nab-paclitaxel (Abraxane) have shown modest but significant improvements in patient survival (4, 5) . Combination chemotherapy with 5-fluorouracil, oxaliplatin, and irinotecan (FOLFIRINOX) has demonstrated superior efficacy over single-agent gemcitabine (median survival, 11.1 vs. 6.8 months); however, this treatment option is limited by tolerability and is therefore reserved for only selected patients (6) . Therefore, new drugs or drug combinations that target key regulatory pathways are needed to reduce mortality and increase survival of patients with pancreatic cancer.
Chromosomal region maintenance-1 (CRM1), also referred as exportin-1 (XPO1), is one of the major transporters of proteins and mRNAs out of the nucleus (7) . CRM1 is the sole nuclear exporter of various tumor suppressor, cell cycle, and growth regulatory proteins, including p21, p27, p53, p73, FOXO, NF-kB, Rb, and NPM, and is upregulated in several cancer types (8) (9) (10) (11) . Nuclear exclusion of tumor-suppressor proteins (TSP) by CRM1 renders cancer cells resistant to apoptosis (11) . In many commonly used anticancer drugs, including gemcitabine, 5-fluorouracil, and platinum-based drugs, TSPs are activated through their nuclear retention. However, in tumors, including pancreatic cancer tumors, elevated CRM1 expression results in mislocalization of TSPs through enhanced nuclear export, attenuating their tumor suppressor function and contributing to treatment failure. Furthermore, elevated CRM1 expression is correlated with poor overall survival rates in various tumors, including pancreatic cancer (7, (12) (13) (14) (15) . Therefore, targeted inhibition of CRM1 with selective nuclear export inhibitor compounds could provide therapeutic benefit by enhancing nuclear localization of TSPs and inducing tumor-specific apoptosis (9) . Here, we tested the effect of the KPT-330 in combination with gemcitabine on pancreatic cancer cell and metastatic tumor growth.
Materials and Methods

Reagents and animals
All chemicals and reagents were purchased from Sigma-Aldrich unless otherwise specified. (Z)-3-(3-(3,5-bis (trifluoromethyl) phenyl)-1H-1,2,4-triazol-1-yl)-N 0 -(pyrazin-2-yl) acrylohydrazide (KPT-330) was provided by Karyopharm Therapeutics Inc. Gemcitabine-HCl was purchased from Eli Lilly and Company. Female athymic nude mice were obtained from the National Cancer Institute (Frederick, MD). The animal protocol used in the study was approved by our Institutional Animal Care and Use Committee.
Cell culture and growth
MiaPaCa-2 pancreatic cancer cells and L3.6pl metastatic pancreatic cancer cells were grown in monolayers with DMEM medium, supplemented with 10% FBS, 2 mmol/L L-glutamine, penicillin (50 IU/mL), and streptomycin (50 mg/mL). The cells were cultured at 37 C in a humidified atmosphere of 5% CO 2 and 95% O 2 . MiaPaCa-2 cells were purchased from the ATCC in January 2015, and L3.6pl cells were provided by Dr. Jose Riveno (University of Florida, Gainesville, FL) in 2013. Immortalized human pancreatic normal epithelial (HPNE) cells were obtained from Dr. Paul Campbell (University of North Carolina, Chapel Hill, NC) in 2013 (16) . These cell lines are well characterized and tested at regular intervals using RT-PCR and Mycoplasma kit.
Cell proliferation MTT assay
Cells were seeded in 96-well plates at a density of 3,000 cells per well and allowed to attach overnight. Cells were then incubated for 72 hours with various concentrations of gemcitabine and KPT-330 (0.1-10 mmol/L) or dimethyl sulfoxide (DMSO; 5%)/phosphate-buffered saline (PBS) as a vehicle control. Medium was aspirated and replaced with 20 mL of 1 mg/mL MTT and incubated for 2 to 4 hours at 37 C in a humidified atmosphere of 5% CO 2 . Medium was aspirated, 200 mL of DMSO were added to each well, samples were incubated for 5 minutes with shaking, and absorbance was read at 540 nm.
Isobologram analysis
Gemcitabine and KPT-330 were combined at different IC 50 values to plot the isobolograms using fraction effects and combination index (CI) through ClacuSyn software (Biosoft).
Trypan blue dye exclusion assay
The treated cells were trypsinized and washed with PBS, and cell suspension (50 mL) was mixed with 50 mL of Trypan blue dye and incubated for 2 minutes at room temperature. A 10-mL volume was loaded onto a hemacytometer, and cells were scored as live or dead based on Trypan blue dye exclusion.
Anchorage-independent growth assay
Standard soft agar colony formation assays were performed using MiaPaca-2 and L3.6pl cells. The cells were seeded at a density of 5,000/well in 12-well plates in 0.3% agar over a 0.6% bottom agar layer. Colonies were fed with growth media and gemcitabine (5 mmol/L) and KPT-330 (1 mmol/L), and growth of colony formation was observed for 14 days. Colonies were photographed after overnight incubation with 1 mg/mL MTT in the wells. The colonies were counted under a stereomicroscope and compared with control. All experiments were performed at least twice, each in triplicate.
Western blot analysis
Proteins were extracted from cells and pancreatic tumor tissues using RIPA lysis buffer containing protease inhibitors (Thermo Scientific). Extracted proteins (40 mg) were resolved on 12.5% SDS-PAGE running gel and a 5% stacking gel. Proteins were then electrotransferred onto nitrocellulose membranes. After membranes were blocked in 5% nonfat powdered milk for 1 hour, they were washed and treated with antibodies to CRM1, p27, cleaved PARP, Bax, survivin, and b-actin (1:1,000) overnight at 4 C (Santa Cruz Biotechnology; Cell Signaling Technology). After blots were washed, they were incubated with horseradish peroxidase-conjugated secondary antibody IgG (1:5,000) for 1 hour at room temperature. Washed blots were then treated with SuperSignal West Pico chemiluminescent substrate (Pierce) for positive antibody reaction. Membranes were exposed to X-ray film (KODAK) for visualization and densitometric quantization of protein bands using AlphaEaseFC software (Alpha Innotech).
For DNA-damage repair protein assessment, MiaPaCa-2 cells were seeded in 6-well plates (750,000 cells/well). The next day, cells were treated with KPT-330 (50-1,000 nmol/L) or vehicle (DMSO) for 24 and 48 hours. For the combination studies, cells were treated with KPT-330 (1 mmol/L), gemcitabine (5 mmol/L), combination, or vehicle (DMSO) for 24 hours. Cells were then lysed with RIPA buffer, and whole protein lysates were probed on immunoblots with Chk1, Rad51, MLH1 (Cell Signaling Technology), PMS2, and b-actin (Santa Cruz Biotechnology) antibodies and analyzed with Odyssey Reader (LI-COR).
Animals and drug treatments
Female athymic nude mice (n ¼ 20) were injected with luciferase-tagged L3.6pl human metastatic pancreatic cancer cells orthotopically into the pancreas. Mice were divided into four treatment groups of 5 animals each: group 1 was treated with vehicle (PBS 1 mL/kg i.p., 2/week and povidone/pluronic F68 1 mL/kg p.o., 3/week); group 2 was treated with KPT-330 (20 mg/kg p.o., 3/week); group 3 was treated with gemcitabine (100 mg/kg i.p., 2/week); and group 4 was treated with KPT-330 (10 mg/kg p.o., 3/week) þ gemcitabine (50 mg/kg i.p., 2/week) for 4 weeks. The treatment was initiated 1 week after orthotopic injection of cell lines. The body weights were recorded every other day, and tumor volumes were recorded every week using luciferin injection and recording of bioluminescence (Xenogen IVIS 200). The tumor weights were recorded after 4 weeks of treatment, at which time animals were euthanized and blood was collected in heparin vials. The entire pancreas was harvested and fixed in buffered formalin for further analyses. Other pancreatic tissues were snap-frozen in liquid nitrogen and kept at À80 C for biochemical analysis. Liver metastasis score was measures as bioluminescence units by IVIS 200 (Xenogen).
Histologic evaluation
Formalin-fixed, paraffin-embedded tissues were sectioned (4 mm) and stained with hematoxylin & eosin. Immunohistochemistry was performed using the Ventana Discovery XT automated system (Ventana Medical Systems) per the manufacturer's protocol with proprietary reagents. Briefly, slides were deparaffinized on the automated system with EZ Prep solution. Sections were heated for antigen retrieval. For immunohistochemistry, tissue sections were incubated with antibodies specific to Ki-67, CRM1, p27, cleaved caspase-3, and survivin at 1:4,000 dilutions for 60 minutes. Detection was performed using the Ventana OmniMap Kit.
Immunofluorescence
MiaPaCa-2 cells were seeded on coverslips in 6-well plates at a density of 500,000 cells per well. The next day, cells were treated with gemcitabine (5 mmol/L) or DMSO for 30 hours, followed by exposure to KPT-330 (1 mmol/L) for the next 6 hours. Cells were fixed with methanol and stained with g-H2AX (Cell Signaling Technology) antibody. Nuclei were stained with DAPI.
Immunohistochemical assessment
All stained tissues were examined by one independent observer (D. Coppola). Cleaved caspase-3, p27, survivin, and Ki-67-stained tissues were assessed for signal in neoplastic areas. Percentage of expression was recorded for each area (cytosolic or nuclear) and then averaged for each mouse. For CRM1, the percentage of positive cells (1 ¼ 1%-33%; 2 ¼ 34%-66%; 3 ¼ 67%-100%) was recorded followed by the intensity (0-3 for negative, mild, moderate, and strong, respectively) of the stain.
Apoptosis by TUNEL assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) apoptotic staining was carried out in slides of tumor tissue sections using In Situ Cell Death Detection Kit (Fluorescein) from Roche as per the manufacturer's instructions.
Statistical analysis
Data are expressed as mean AE SEM, analyzed statistically using one-way analysis of variance (ANOVA) followed by the Duncan multiple range tests using SAS statistical software for comparison between different treatment groups. Significance was set at P < 0.05. 
Results
In vitro effects of KPT-330 alone and in combination with gemcitabine on proliferation of human pancreatic cancer cells To assess whether KPT-330 alone and in combination with gemcitabine affected the growth of pancreatic cancer cells, we evaluated cell viability after 72 hours of drug treatment using an MTT assay. MiaPaCa-2 human pancreatic cancer and the highly metastatic pancreatic cancer L3.6pl cells were treated with vehicle, KPT-330, gemcitabine, or KPT-330 þ gemcitabine at concentrations of 0 to 10 mmol/L ( We further investigated the effects of gemcitabine and KPT-330 alone and in combination on anchorage-independent growth of both MiaPaCa-2 and L3.6pl cells using soft agar colony formation assay ( Fig. 2A) . In MiaPaCa-2 cells, gemcitabine (5 mmol/L) alone inhibited colony formation by 48%, and KPT-330 (1 mmol/L) alone inhibited colony formation by 52%. Gemcitabine (5 mmol/L) þ KPT-330 (1 mmol/L) resulted in 95% inhibition of anchorageindependent growth in MiaPaCa-2 cells (Fig. 2B) . On the other hand, in metastatic L3.6pl cells, gemcitabine (5 mmol/L) alone inhibited colony formation by 51%, and KPT-330 (1 mmol/L) alone inhibited colony formation by 42%. Gemcitabine (5 mmol/L) þ KPT-330 (1 mmol/L) resulted in 85% inhibition of anchorageindependent growth, suggesting that L3.6pl cells are less susceptible to malignant transformation with the drug combination than MiaPaCa-2 cells (Fig. 2B) .
Effects of KPT-330 alone and in combination with gemcitabine on pancreatic cancer cell death in vitro
To verify whether growth inhibition by KPT-330 and gemcitabine in MiaPaca-2 and L3.6pl cells is due to induction of cell death, cells were exposed to the combination therapy for 48 hours, harvested, and counted using Trypan blue assay. Figure  3A shows that, relative to single-agent gemcitabine, a combination with KPT-330 elicited a significantly (P < 0.001) higher percentage of cell death in pancreatic cancer cell lines, suggesting that viable cell loss is due to induction of the cell death pathway. We confirmed apoptotic cell death by Western blot analysis of cleaved PARP and Bax in MiaPaCa-2 and L3.6pl cells. Treatment of MiaPaCa-2 and L3.6pl cells with gemcitabine and KPT-330 as single agents induced apoptosis, whereas the combination induced a more profound induction of apoptosis ( Fig. 3B and C) . Our data confirm induction of apoptosis by gemcitabine, KPT-330, and their combination in MiaPaCa-2 and L3.6pl cells.
Effects of KPT-330 alone and in combination with gemcitabine on cellular targets in pancreatic cancer cells in vitro
To verify whether KPT-330 works by targeting the nuclear export protein CRM1 and whether the combination of KPT-330 and gemcitabine abrogates cell-cycle progression, Western blot analyses was performed to measure the protein expression of CRM1, the cell-cycle inhibitor p27, and the antiapoptotic protein survivin in MiaPaca-2 and L3.6pl cells 48 hours after treatment. As expected, KPT-330 dramatically depleted CRM1 protein Fig. 3B and C) . However, gemcitabine alone did not alter CRM1 protein levels in either cell line. KPT-330 and gemcitabine increased the cell-cycle inhibitor p27 protein expression in both cell lines, but to a more profound degree when the two drugs were combined ( Fig. 3B and C) . The depletion of survivin by KPT-330 and gemcitabine alone and in combination was noted in both cell lines (Fig. 3B and C) .
Interestingly, survivin depletion was more prominent with KPT-330 treatment than with gemcitabine in both cell lines. The combination of the two drugs resulted in depletion of more survivin protein than either drug alone.
Treatment of MiaPaCa-2 cells with increasing concentrations of KPT-330 for 24 and 48 hours reduced the expression of DNA-damage repair proteins, including RAD51, Chk1, PMS2, and MLH1, in a dose-dependent manner (Fig. 4A) . Whereas treatment with gemcitabine alone induced DNA damage and activated Chk1 protein (phosphorylated Chk1; Fig. 4B ), KPT-330 inhibited this activation. The inhibition of DNA-damage repair resulted in increased cell apoptosis, visualized by increased caspase-3 cleavage (Fig. 4B) . KPT-330 alone did not induce DNA damage, but it inhibited the repair of DNA damage, which was induced by gemcitabine as evidenced by higher g-H2AX phosphorylation (Fig. 4C) . These findings further solidify the case for KPT-330 as a nuclear export inhibitor and revealed a biologic explanation for the synergism seen in the combination of KPT-330 with gemcitabine in human pancreatic cancer.
Effects of KPT-330 alone and in combination with gemcitabine on pancreatic tumor volume, proliferation index, and tumor weight and liver metastasis in mice
To further expand on our in vitro observations, we tested the antitumor efficacy of these drugs alone and in combination using an orthotopic mouse model of pancreatic cancer. As shown in Fig. 5A , single-agent gemcitabine was less effective (P < 0.05) than KPT-330 (P < 0.02) at reducing tumor growth, but their combination significantly decreased tumor volume compared with vehicle (P < 0.001) or each agent alone. Similarly, as shown in Fig. 5B , tumor weights were significantly decreased after KPT-330 or gemcitabine treatment (P < 0.05). When combined, tumor weight was significantly decreased compared with vehicle (P < 0.001) or single-agent therapy. We also observed a mark reduction in Ki-67 immunostaining in the gemcitabine (P < 0.05), KPT-330 (P < 0.001), and gemcitabine þ KPT-330 (P < 0.001) groups, respectively, compared with the vehicle group (Fig. 6A) , confirming the in vitro inhibition of cell proliferation. As shown in Fig. 5C , gemcitabine was less effective (P < 0.05) than KPT-330 (P < 0.01) when administered alone in reducing the liver metastasis compared with vehicle, but the combination of the two drugs significantly decreased the liver metastasis compared with vehicle (P < 0.01) or compared with either drug alone (P < 0.02).
Effects of KPT-330 alone and in combination with gemcitabine on CRM1, cell-cycle inhibitor, and pro-and antiapoptotic protein expression in pancreatic tumor tissue
We investigated the effects of gemcitabine and KPT-330 alone and in combination on CRM1 protein expression in pancreatic tumor samples by immunohistochemical staining and Western blot analyses. As expected, CRM1 protein expression was significantly depleted after treatment with KPT-330 alone and in combination with gemcitabine, but was not changed with gemcitabine treatment alone (Fig. 6E) . As shown in Fig. 6B and E, KPT-330 more significantly induced p27 nuclear staining (P < 0.001) than gemcitabine (P < 0.01) compared with vehicle control in pancreatic tumor tissues, suggesting a potential mechanism for cell-cycle arrest. Interestingly, p27 induction was greater with the combination than with either drug alone (P < 0.02). In addition, our results demonstrate an enhanced depletion of the antiapoptotic protein survivin in pancreatic tumor tissues treated with KPT-330 alone or in combination with gemcitabine compared with vehicle control or gemcitabine alone ( Fig. 6C and E) . Treatment with gemcitabine or KPT-330 enhanced protein expression of the proapoptotic protein Bax compared with control ( Fig. 6E) , with the combination resulting in more Bax expression than either drug alone. We also observed a significant increase in cleaved caspase-3 immunostaining in pancreatic tumor tissues in mice treated with gemcitabine, KPT-330, and gemcitabine þ KPT-330 compared with control ( Fig. 6D) with the combination producing a larger amount of apoptosis (P < 0.001). We also confirmed the apoptosis induced by gemcitabine and KPT330 in tumor tissues by TUNEL assay (Fig. 5D) . The combination induced more apoptosis than induced by either drug alone.
Discussion
Effective chemotherapies for advanced pancreatic cancer are scarce, and improving long-term survival is a priority. Therefore, any new modality to replace or support current treatments for pancreatic cancer would be highly desirable. In this study, we evaluated the preclinical efficacy of the selective nuclear export inhibitor KPT-330 alone and in combination with gemcitabine, a commonly used chemotherapeutic agent against pancreatic cancer, both in vitro and in vivo. We found that CRM1 inhibition could become a therapeutic intervention in combination with standard gemcitabine chemotherapy for pancreatic cancer. Furthermore, our in vitro and in vivo data showed that KPT-330 works, in part, through forced nuclear retention of p27, induction of the proapoptotic protein Bax, and depletion of antiapoptotic protein survivin. KPT-330 also inhibits gemcitabine-induced DNA repair proteins.
Currently available treatment modalities are ineffective in the majority of pancreatic cancer patients (8, (17) (18) (19) . Extensive studies have demonstrated that the aggressiveness and underlying resistance of pancreatic cancer cells to therapeutic agents, such as gemcitabine, is attributed to inadequate activation of TSPs (8), as well as constitutive activation of the transcription factor NF-kB and its antiapoptotic gene products, including survivin (20) (21) (22) (23) (24) (25) (26) . In certain cases where TSPs are activated, their functions are inhibited by cellular mislocalization and continuous nuclear export by CRM1 (12, 14) . CRM1 is one of the major nuclear export proteins and is overexpressed in most tumors, including pancreatic cancer (12) . Therefore, targeted depletion of CRM1 is an important therapeutic strategy for pancreatic cancer. An earlier study using the specific CRM1 inhibitor, leptomycin B, showed efficacy but adverse off-target toxicities (15) . To overcome toxicity, novel, highly specific small molecules were developed to antagonize the functions of CRM1 (27) . KPT-330 binds to CRM1 in a slowly reversible fashion, which might contribute to its improved tolerability. Selective nuclear transport inhibitors block nuclear export of TSPs, thereby inducing growth inhibition and apoptosis in various cancer cells such as melanoma, blood, lung, prostate, hepatic, breast, and pancreatic, sparing normal cells (28) (29) (30) (31) (32) (33) (34) . Earlier studies have shown the efficacy of CRM1 inhibition by selective nuclear export inhibitor compounds such as KPT-185 in human pancreatic cancer models and downstream mechanistic changes (34, 35) . These studies demonstrated nuclear retention of ubiquitin ligase complex (Fbw7) and consequent Notch1 degradation, as well as nuclear retention of the tumor-suppressor prostate apoptosis response 4 protein both in vitro and in xenograft models of human pancreatic cancer.
Loss of viability and induction of apoptotic cell death are two major mechanisms by which chemotherapeutic agents kill cancer cells. We conceptualized that KPT-330 might augment the growth inhibitory and cell death activity of gemcitabine in vivo using an orthotopic model of pancreatic cancer. Our data showed that KPT-330 significantly augmented gemcitabine inhibition of cell proliferation, with the combination of the two drugs resulting in a synergistic effect on cell viability. One of the mechanisms by which KPT-330 renders cell-cycle arrest is through the induction and nuclear retention of cyclin-dependent kinase inhibitor p27 kip1 . Our data are in agreement with earlier in vitro studies on pancreatic cancer, which demonstrated nuclear retention of p27 and depletion of cyclin D1 after CRM1 inhibition (3, 5) . Here, we demonstrated for the first time that the induction of p27 by KPT-330 treatment was further enhanced when combined with gemcitabine both in vitro as well as in vivo. This combination also caused a synergistic effect on anchorage-independent growth and malignant transformation of pancreatic cancer cells (36) . Furthermore, our in vivo data demonstrated that L3.6pl tumor-bearing mice treated with KPT-330 þ gemcitabine showed significantly reduced tumor growth (weight and volume of the tumor) compared with each therapeutic agent alone. Although KPT-330 has been shown to inhibit tumor growth in xenograft models of pancreatic cancer (3, 5) , here we have shown for the first time that it significantly potentiates the tumor inhibitory activity of gemcitabine in vivo. Our data further demonstrated that KPT-330 potentiates pancreatic cancer apoptotic cell death in vitro (cleaved PARP and elevated Bax protein expression) as well as in vivo (cleaved caspase-3 and elevated Bax protein expression) when combined with gemcitabine.
Emerging evidence indicates that the overexpression of antiapoptotic proteins Bcl-X L , survivin, and XIAP are associated with poor prognosis, increased tumor resistance, and chemoresistance (26), (37) (38) (39) (40) (41) (42) . Recent studies demonstrate that XIAP and survivin overexpression in human pancreatic cancer is associated with poor prognosis and increased tumor recurrence (26, (38) (39) (40) 43) . Our data support these observations, as KPT-330 significantly depleted survivin expression both in vitro and in vivo. Recently, knockdown of survivin using small interfering RNA has been shown to enhance pancreatic cancer chemosensitivity to gemcitabine (38) . Our data showed that depletion of survivin was enhanced when KPT-330 was combined with gemcitabine, indicating the diminution of chemoresistance by KPT-330 in pancreatic tumors. Moreover, inhibition of cell survival antiapoptotic proteins has been shown to induce caspases (-8, -9, and -3), leading to both extrinsic and intrinsic pathways of apoptosis (44) . However, gemcitabine antitumor activity was related to inhibition of DNA synthesis and induction of apoptosis through the intrinsic pathway (45) . Gemcitabine chemoresistance is directly related to antiapoptotic proteins Bcl-XL and cFLIP (23) . Our data clearly demonstrated that KPT-330 when combined with gemcitabine suppresses chemoresistance by depleting survivin and enhancing the antitumor activity of gemcitabine through p27 induction. The synergistic effects of KPT-330 on gemcitabine are also achieved through the downregulation of DNA-damage repair proteins. Once gemcitabine induces DNA damage, the cellcycle checkpoint Chk1 is activated by ATM/ATR and its active phosphorylated forms initiate a downstream cascade of events leading to cell-cycle arrest and DNA-damage repair (46) . KPT-330 inhibits the recovery from gemcitabine-induced DNA damage by abrogating the expression of Chk1 in addition to inhibiting expression of other DNA-damage response proteins from the mismatch excision repair group: MSH2 and MLH1 and the homologous recombination repair group RAD51 (47) . Such an inhibition delays DNA-damage repair and leads to cell death.
Currently, gemcitabine is FDA approved as a single agent for pancreatic cancer patients. This study shows that KPT-330 has strong translational potential, warranting clinical investigations in human pancreatic cancer. Furthermore, we show that combining KPT-330 and gemcitabine has potent synergistic effects and could potentially increase the response rates and prolong the survival of pancreatic cancer patients. Presently, KPT-330 is being investigated in a phase I clinical trial in pancreatic cancer in combination with gemcitabine-based chemotherapy.
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